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ABSTRACT 

Plant viruses ubiquitously mediate the induction of 
miR168 trough the activities of viral suppressors of 
RNA silencing (VSRs) controlling the accumulation 
of ARG0NAUTE1 (AG01), one of the main compo- 
nents of RNA silencing based host defence system. 
Here we used a mutant Tombusvirus p19 VSR (p19- 
3M) disabled in its main suppressor function, small 
interfering RNA (siRNA) binding, to investigate the 
biological role of VSR-mediated miR168 induction. 
Infection with the mutant virus carrying p19-3M 
VSR resulted in suppressed recovery phenotype 
despite the presence of free virus specific siRNAs. 
Analysis of the infected plants revealed that the 
mutant p19-3M VSR is able to induce miR168 level 
controlling the accumulation of the antiviral AG01, 
and this activity is associated with the enhanced 
accumulation of viral RNAs. Moreover, saturation 
of the siRNA-binding capacity of p19 VSR 
mediated by defective interfering RNAs did not 
influence the miR168-inducing activity. Our data 
indicate that p19 VSR possesses two independent 
silencing suppressor functions, viral siRNA binding 
and the miR168-mediated AG01 control, both of 
which are required to efficiently cope with the 
RNA-silencing based host defence. This finding 
suggests that p19 VSR protein evolved independent 
parallel capacities to block the host defence at 
multiple levels. 

INTRODUCTION 

RNA silencing is a small RNA-based regulatory system 
that controls target RNAs by endonucleotic cleavage 
or translational repression through the activities of 
ARGON AUTE (AGO) proteins (1,2). Plant virus 



infections are associated with the accumulation of virus- 
specific small interfering RNAs (siRNAs) generated by 
the activity of Dicer-Uke proteins, which are then 
incorporated into the AGO protein containing RNA- 
induced silencing complex (RISC) bringing about the 
sequence specific degradation of viral RNAs (3). To 
evade the siRNA-based antiviral host defence plant 
viruses have evolved viral suppressors of RNA silencing 
(VSRs) interfering with the RNA-silencing pathway 
mainly by sequestering viral siRNAs or interacting with 
key RNA silencing components (4,5). Micro RNAs 
(miRNAs) represent another RNA-silencing pathway, 
which are indispensable for the control of wide variety 
of biological functions, including development, hormone 
responses, feed-back mechanisms, biotic and abiotic 
stresses (2). miRNAs are generated by sequential process- 
ing of genome-coded long single-stranded RNA. AGOl is 
one of the most important AGO proteins playing central 
role in miRNA-niediated regulation of endogenous 
mRNAs and siRNA-directed control of virus infections 
(6). AGOl mRNA itself is a subject of an miRNA- 
mediated regulation via the activity of miR168 (7-9). 
Plant virus infections are often associated with increased 
miR168 level leading to the downregulation of the anti- 
viral AGOl (10). Tombusvirus pl9 VSR was shown to be 
responsible for over-accumulation of miR168, which 
resulted in downregulation of AGOl protein level (10). 
Previously, it was demonstrated that the main activity of 
pl9 VSR is to bind selectively and hence sequester viral 
specific siRNAs (11,12). Recently, it was found that other 
unrelated VSRs are responsible for miR168 induction and 
the subsequent AGOl level control (13). This observation 
indicates that miR168-mediated alleviation of RNA 
silencing-based host defence might be a widespread viral 
counter defence mechanism. However, it remained to be 
elusive whether miR168 induction is the consequence of 
the main suppressor activity of VSRs or it is an independ- 
ently evolved parallel function. All of the investigated 
VSRs possessing the ability to induce the miR168 level 
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show certain RNA-binding capacities (13). This raised the 
possibiUty that the RNA binding may be critical for 
induction of miR168 level. 

In this work, we demonstrate that the abihty of pl9 
VSR to induce the accumulation of miR168 is not con- 
nected to its ability to bind virus specific siRNAs. We 
show that the presence of a siRNA binding deficient pl9 
VSR in the infection process is associated with the induc- 
tion of miR168 level and the subsequent control the 
AGOl accumulation. The efficient miR168 driven 
control of AGOl by siRNA-binding deficient pl9 VSR 
results in higher virus titer and the development of more 
sever disease symptoms indicating the biological relevance 
of this regulatory process. These data indicate that the 
control of AGO 1 protein level is an important component 
of the efficient tombusvirus invasion. Moreover, our data 
suggest that siRNA binding and mirl68 inducing 
capacities of pl9 VSR evolved independently providing 
a multiple parallel counter defence activities to suppress 
RNA silencing successfully. 

MATERIALS AND METHODS 

Plant materials, viruses 

Nicotiana benthamiana was used as systemic host. Plants 
were grown in soil under normal growth conditions and 
were infected by wild-type carnation Italian ringspot virus 
(CIRV) or mutant viruses by mechanical inoculation using 
in vitro RNA transcripts as described previously (14). 
Virus infected plants were grown in fitotron at 21 or 15°C. 

Construction of CIRV-3M mutant virus and 
infectious clones 

Site-directed mutagenesis of pi 9 (pl9-3M) was carried out 
by PCR using the pl9-coding region (between 3872 and 
4390nt) of the CIRV genome (15) cloned in pUC18 
and then confirmed by DNA sequencing. We used 
CIRVp 1 9E4 1 Vs: aaacttcctgacgaaagtccgagtgggactgtcgggcgg- 
ctatataac and CIRVpl9E41Vrevcomplas: gttatatagcc 
gcccgacagtcccactcggactttcgtcaggaagttt megaprimers and 
CIRVp 1 9E4 1 Vs:gtgggactgtcgggcggctatataac CIRVp 1 9E4 1 
Vrevconiplas:gttatatagccgcccgacagtcccac oligonucleotides 
for the PCR mutagenesis. The pl9-3M coding region has 
been introduced into the clone of full-length CIRV genomic 
RNA-generating functional pl9-3M expressing mutant 
virus (CIRV-3M). The modifications of CIRV-3M did 
not alter the amino acid sequence of the p22 movement 
protein encoded by ORF4. 

Protein expression and electrophoretic mobility shift assay 

CIRV pl9 and pl9-3M VSRs were expressed and purified 
as a GST fusion protein in Escherichia coli strain 
BL21(DE3) at 22° C for 20 h according to the manufac- 
turers' instruction (GE Healthcare Life Sciences). Briefly, 
bacterial pellets were resuspended, and the fusion protein 
was purified from the soluble fraction of lysate by batch 
method incubating with glutathione agarose resin for 
30min at 21°C. The resin was washed four times with 
cleavage buffer [0.05 M Tris-HCl, 0.15 M NaCl, 0.005 M 



MgC12, 1 M DTT, 0.02% Tween-20 (pH 7.4)]. The resin 
was incubated with thrombin (Amersham Biosciences) for 
3 h at room temperature. After cleavage, the liberated pl9 
protein was collected. Synthetic radiolabelled siRNA was 
produced as described previously (16). The sequences of 
the RNA ohgonucleotides used are 5' UGAUAUUGGCA 
CGGCUCAAUC 3' and 3' UUGAGCCGUGCCAAUA 
UCAUC 5'. Direct binding experiment of CIRV pl9 and 
pl9-3M was carried out as described previously (17). 
Purified pl9 and pl9-3M protein VSRs (3nM) were 
added to 1 pM radiolabelled siRNA in binding buffer 
[containing 0.05 M Tris-HCl, 0.15 M NaCl, 0.005 M 
MgCl2, 0.02% Tween-20, (pH 7.0)]. Binding reactions 
were incubated at 25° C for 30min, complemented with 
3 |.il of loading dye, and the reaction was analyzed by elec- 
trophoresis at a constant 50 V for 1.5 h through a 6% TBE 
DNA retardation gel in 0.5X TBE. The gels were then 
dried then exposed. 

RNA isolation and northern blotting 

Total RNA was extracted from virus infected plants 
displaying symptomatic systemically infected or from 
infiltrated leaves. In all, 0.1 g of homogenized plant 
material were resuspended in 400 [il of extraction buffer 
[0.1 M glycine-NaOH (pH 9.0), lOOmM NaCl, lOmM 
EDTA, 2% sodium dodecyl sulfate and 1% sodium 
lauroylsarcosine] and divided into two aliquots. In all, 
300 ^1 of extra extraction buffer was added to 300 |il of 
this extract and mixed with an equal volume of phenol. 
The other part was used for protein extraction. The 
aqueous phase was treated with an equal volume of 
phenol chloroform. For northern blot analyses of 
mRNAs, 8-10 ^ig of total RNA was separated on formal- 
dehyde-1.2% agarose gels and blotted to Nytran NX 
membrane (Schleicher & Schuell, Germany). PCR 
products were used for producing radioactively labelled 
random priming probes by Decalabel DNA labelhng kit 
(Fermentas) detecting endogenous mRNAs. Membranes 
were hybridized using the Perfect Hyb buffer (Sigma) 
according to manufacturer's instruction. For small RNA 
northern blot analyses (18), the total RNA samples 
(8-10 |ig) were fractionated on denaturing 12% polyacryl- 
amide gels containing 8 M urea, transferred to Nytran N 
membrane (Schleicher & Schuell, Germany) by capillary 
method and fixed by ultraviolet cross-linking. Membranes 
were probed with radioactively labelled LNA oligonucleo- 
tide probes (Exiqon, Denmark), complementary to the 
mature microRNAs. In all, 5 pmol of each ohgonucleotide 
probe was end-labelled with [y32P]ATP by using T4 poly- 
nucleotide kinase. Prehybridization of the filters was 
carried out in 50% formamide, 0.5% SDS, 5xSSPE, 
5xDenhardt's solution and 20|ig/ml sheared, denatured, 
salmon sperm DNA. The hybridization was carried out 
at 50° C for 2h in the same buffer. Washing of the mem- 
branes was done for 10 min two times with washing 
solution containing 0.1% SDS and 2xSSC at the tempera- 
ture of the hybridization. 

CIRV-specific small RNA fraction was detected with 
minus strand-specific RNA probe, what was transcribed 
form the cloned positive strand virus with T7 RNA 
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polymerase in the presence of radioactive UTP. The small 
RNA northern blot analysis for virus-specific siRNAs was 
carried out at 37°C for 16h. 

Western blot analysis 

For protein analyses, 0.1 g of plant material was collected 
(from systemically virus infected or agroinfiltrated leaves) 
and homogenized in an ice cold mortar in 400 ^1 of extrac- 
tion buffer [0.1 M glycine-NaOH (pH 9.0), lOOmM NaCl, 
10 mM EDTA, 2% sodium dodecyl sulfate and 1% 
sodium lauroylsarcosine]. In all, 100 [il of 2X Laemmh 
buffer was added to 100|.il of the homogenized sample 
and used for protein analysis. The remaining sample was 
complemented with 300 |il of extraction buffer and further 
processed for RNA extraction. This method ensures the 
comparabihty of protein and RNA samples. Protein 
samples were treated as described previously (19) and 
20-30 |.d of sample was resolved on 8% sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis, blotted to 
PVDF Transfer Membrane (Amersham Hybond-P) and 
subjected to western blot analysis. Membranes were 
blocked using 5% non-fat dry milk in PBS containing 
0.05% Tween 20 (PBST) for 30 min. The target proteins 
were detected using anti N. benthamiana AGOl-1 (1:250; 
the custom antibody against A^. benthamiana AGOl-1 
protein) (10) and anti-pl9 (17). We hybridized the mem- 
branes with the antibodies in PBST or in PBST 2.5% non- 
fat dry milk (AGOl-1 antibody) at room temperature for 
1-2 h. After washing the membranes in PBST, secondary 
peroxidase-conjugated anti-rabbit was added. The signals 
were visualized by chemiluminescence (ECL kit; 
Amersham) according to the manufacturer's instructions. 
The membranes were stained with Ponceau stain for 
checking protein loading. 

Analysis of hybridization results 

Quantitative analysis of hybridization results were done 
by ImageQuant 5.2 software. 

Gel filtration assay 

Crude protein extracts were prepared from systemic, virus 
infected or from mock-inoculated leaves and fractionated 
on a Superdex-200 gel filtration column as described previ- 
ously (10). In all, 0.4 g of leaf tissue was homogenized 
in 800 |il of ice-cold RISC buffer (lOOmM KAc, 5mM 
MgAc, 4mM DTT, 40 mM HEPES: pH7.5) and 
centrifuged twice for 5 min at 4°C at full speed. The super- 
natant was filtered through a 0.22 (im filter (Millipore), and 
200 |il of the clear supernatant was loaded onto a RISC 
buffer equilibrated Superdex-200 (Pharmacia) column. 
The sample was size separated at 0.25 ml/minute flow rate 
at 4°C using a FPLC (Pharmacia) system. Approximately 
300 nl of fractions were taken. The first 20 fractions were 
discarded and the following 48 fractions were collected. 
Odd number fractions were used for RNA while even 
number fractions were used for protein extractions. For 
RNA extraction, 300^1 of equal volumes of phenol and 
chloroform was added to each fraction, precipitated with 
ethanol and resuspended in 10^1 of sterile water and used 
for small RNA northern blotting. The RNA blot was 



hybridized with CIRV minus strand-specific RNA probe 
detecting viral siRNAs. To investigate pl9 accumulation 
1200 |il of cold acetone was added to each fraction, left at 
20°C to precipitate, centrifuged, washed with 70% EtOH, 
dried and resuspended in 10|.il of 2X Laemmh buffer 
and used for western blot analyses. The elution positions 
of protein molecular markers are as follows: 158kDa, 
aldolase; 66kDa, bovine serum albumin; 29kDa, 
carbonic anhydrase. 

Immunoprecipitation 

For immunoprecipitation (IP) systemically infected leaves 
of CIRV, CIRV19Stop, CIRV-3M and mock inoculated N. 
benthamiana plants were collected at 6 days postinoculation 
and used to prepare extracts (1 g of plant material in buffer 
containing [100 mM KAc, 5mM MgAc, 4mM DTT, 
40 mM HEPES (pH7.5) and Proteinase inhibitor (Sigma, 
P9599)]. P19 antibody was added to the crude extracts, and 
IP reactions were carried out at 4°C for 3h, and then 
Sepharose A CL-4B beads were centrifuged and washed 
five times. Input extracts and eluates of IPs were used for 
protein and RNA isolation. 

RESULTS 

The pl9-3M mutant is deficient in siRNA-binding activity 

Tombusvirus pl9 VSRs were shown to mediate silencing 
suppression mainly by highly specific binding and hence 
sequestering viral-specific siRNAs (11,12). Trp39 and 
Trp42 of pl9 VSR are the key residues responsible to 
form stacking interactions with siRNAs by capping the 
exposed RNA base pairs at each end of the duplex 
(17,20). The CIRV pl9 VSR showed high affinity for syn- 
thetic siRNA duplexes in gel mobility shift assay (17). We 
produced the CIRV W39G-W42G-E41V pl9 mutant 
(pl9-3M), which contains glycine to tryptophan substitu- 
tions in the 39 and 42 positions resulting in no stacking 
interaction of both side chains with siRNAs. Because of 
the overlapping viral ORFs, these modifications also 
caused a serine to arginine change at position 53 of the 
p22 movement protein, encoded by ORF4 (14). To restore 
this position back to serine, a third mutation (E41V) was 
introduced rendering these mutations silent in p22 
movement protein. To analyze the siRNA-binding 
abihty of pl9-3M, we expressed the mutant protein and 
investigated its affinity for synthetic siRNA duplexes in gel 
mobihty shift assay in comparison with the wild-type pl9 
VSR (Figure 1). We found that although the wild-type pl9 
VSR showed extremely high affinity to labelled siRNAs 
pl9-3M lost its siRNA-binding abihty showing no any 
residual binding activity. These data show that multiple 
mutations in the siRNA-binding territories render pl9 
VSR completely deficient in siRNA binding in in vitro 
analysis. 

Viral expression of pl9-3M results in the accumulation of 
unbound virus-specific siRNAs 

First, we confirmed the lack of siRNA-binding ability of 
pl9-3M mutant in vivo by preparing crude extracts from 
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Figure 1. pl9-3M does not bind viral siRNAs. Wild-type pl9 and 
pl9-3M VSRs were expressed in bacterial expression system and use for 
gel mobility shift assay performed with 21mer synthetic siRNA with 2nt, 
3' overhangs and 5' phosphate groups (upper panel). The synthetic siRNA 
(1 pM concentration) was added to pl9 or pl9-3M VSRs at 3 nM protein 
concentration and separated on 6% native acrylamide PAGE. The 
presence and quality of the expressed proteins were confimied by 
western blot analyses using pl9 specific antibody (0L-pl9; bottom panel). 



CIRV, CIRV19Stop (pl9 deficient mutant) and CIRV-3M 
(mutant virus carrying pl9-3M) infected A^. benthamiana 
plants for IPs using pl9-specific antiserum. Our western 
and northern blot analyses showed that only precipitate of 
crude extract from wild-type CIRV infection contained 
viral siRNAs, and they were not present in CIRV-3M 
precipitate (Figure 2A). In accordance with gel mobihty 
shift assay data, our results confirmed that pl9-3M has 
lost its efficient siRNA-binding capabihty in the infected 
plants. 

Using a gel filtration approach, it was demonstrated that 
in Tombusvirus-infected plants, the majority of viral- 
derived siRNAs were bound by the pl9 VSR, whereas in 
the absence of pi 9, the viral siRNAs accumulated in frac- 
tions corresponding to the size of unbound (free) siRNAs 
(10,12). We used the same experimental approach to test 
how pl9-3M interferes with the accumulation of viral- 
derived siRNAs in virus infected plants. We also used a pre- 
viously described single mutant possessing only a glycine to 
tryptophan substitution in the 39 position of the CIRV pl9 
VSR (pl9-lM) (17). Crude extracts of CIRV, CIRV19Stop, 
CIRV-IM (mutant virus carrying pl9-lM), CIRV-3M and 
mock inoculated A^. benthamiana plants were loaded on gel 
filtration column, and the ratio of pi 9 bound siRNA was 
investigated relative to the free siRNAs as described previ- 
ously (10). In CIRV-infected plants, fractions 27 and 29 
contained the majority of viral siRNAs, which are 
pl9 bound (Figure 2B). In contrast, in the case of 
CIRV19Stop, unbound viral siRNAs occupy fractions 
33-37. Analyses of a crude extracts derived from CIRV- 
IM indicated that this mutant retained a partial siRNA- 
binding capacity (Figure 2B). These data are in accordance 
with previous results demonstrating that a similar pl9 
mutant also retained residual siRNA-binding ability (21). 
However, analyses of the crude extract derived from CIRV- 
3M infection demonstrated that the pl9-3M mutant 
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Figure 2. CIRV-3M infection is associated with accumulation of 
unbound siRNAs. (A) IP of viral siRNAs using pl9-specific antibody 
(ot-pl9) on crude protein extracts of CIRV-, CIRV19Stop-, CIRV-3M- 
and mock-inoculated plants. The input and the IP were probed for 
viral-specific siRNAs and for the presence of pl9. (B) Gel filtration 
of crude extracts prepared from systemically infected leaves (6 dpi.) of 
CIRV-, CIRV19Stop-, CIRV-3M- and mock-inoculated plants. Even 
number fractions were used for pl9 western blot analyses, whereas 
odd number fractions were used for small RNA northern blotting. 
Fractions were separated on small RNA polyacrylamide gel, blotted 
and hybridized with virus-specific positive sense RNA probe to detect 
virus derived negative sense siRNAs. Fractions 27 and 29 represent pl9 
bound siRNAs, fractions 33, 35 and 37 accumulate free virus-specific 
siRNAs. 



protein, although expressed at high level, lost its ability to 
bind viral siRNAs. In this case, viral-specific siRNAs 
accumulated in fractions 33-37, corresponding to free 
siRNAs, and no virus-specific siRNAs were present in 
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27-29 fractions, where normally pl9 bound siRNAs were 
observed. These data demonstrate that the recombinant 
virus, CIRV-3M, can mediate the stabile expression of 
pl9-3M, which is not able to bind siRNAs resulting in 
the exclusive accumulation of unbound siRNAs. 

Viral expression of pl9-lM and pl9-3M induces niiR168 
over accumulation 

Next, we tested the potential of pl9-lM and pl9-3M in 
interfering with the accumulation of AGOl during the 
virus infection process. Nicotiana benthamiana test plants 
were inoculated with CIRV, CIRV19Stop, CIRV-IM or 
CIRV-3M at 21°C and sampled when systemic symptoms 
appeared. RNA and protein was extracted from the apical 
systemically infected leaves and the levels of AGOl 
mRNA, AGOl protein and miR168 were determined. In 
line with our previous observations (10), we have detected 
the efficient induction of AGOl mRNA in CIRV and 
CIRV19Stop-infected plants at 21°C, which was also a 
characteristic for CIRV-IM and ClRV-3M-inoculated 
plants (Figure 3A and B). Similarly, as already 
demonstrated for cymbidium ringspot virus, the AGOl 
protein level did not show enhanced accumulation in 
wild-type CIRV-infected plants because of the inhibitory 
activity resulting from the increased miR168 level. In 
contrast, in the absence of pl9 (CIRV19Stop), no induc- 
tion of miR168 can be detected and consequently the 
AGOl protein level is significantly upregulated 
(Figure 3A and B). However, we observed that infection 
with CIRV-IM or CIRV-3M was associated with the in- 
duction of miR168 and the suppression of AGOl protein 
level (Figure 3A and B). At 21°C, siRNA-mediated RNA- 
silencing works efficiently inhibiting the mutant virus, 
lacking fully functional pl9 VSR, to accumulate to 
higher level. As at 15°C this process in inhibited (22), we 
tested our experimental system at this temperature to 
reach higher virus titer in the pi 9-3 M VSR mutant infec- 
tion. We took samples from the symptomatic systemically 
infected leaves at 16 dpi., as the symptom development is 
slower at this temperature, and observed the induction of 
miR168 and subsequent AGOl level control by CIRV-3M 
(Figure 3C). In CIRV-3M infection reduced level of virus 
was present resulting in lower level of miR168 induction 
compared with the wild-type CIRV infection. The level of 
miR168 induction can be proportional with the amount of 
the virus, as the induction of miR168 spatially overlaps 
with the virus accumulation in the infected tissue 
(Varallyay et al. 2010). As the viral RNA levels do not 
correlate with the AGOl protein accumulation at the 
investigated time points, we tested whether the levels of 
viral siRNAs generated by mutant viruses are sufficient to 
load AGOl protein. We found that the relative accumu- 
lation of viral siRNAs in CIRV19Stop, CIRV-IM and 
CIRV-3M infections was even enhanced compared with 
the wild-type infection. AG02 plays an important 
antiviral role in N. benthamiana (23), and it has been 
shown, using AG02 specific antibody, that AG02 
protein over-accumulates in Tonibusvirus-infected plants 
(V. Tisza and J. Burgyan, unpublished result). Therefore, 
we tested AG02 protein accumulation in our system and 
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Figure 3. Viral expression of pl9-lM and pl9-3M induces miR168 
over accumulation. Systemically infected leaves of CIRV-IM at 21°C 
at 6dpi. (A), CIRV-3M at 21°C at 5dpi. (B) CIRV-3M at 15°C 16dpi. 
(C) and the corresponding CIRV19Stop, CIRV and mock inoculated 
N. benthamiana plants were homogenized and divided into RNA and 
protein extractions. The corresponding samples were used for detecting 
AGOl mRNA, AGOl protein and miR168 expressions. Top panels: 
Northern blot analyses of virus infected and mock inoculated plants 
for AGOl mRNA. Ethidium bromide-stained agarose gel was used as 
loading control. Numbers show the relative viral RNA and AGOl 
mRNA levels normalized to rRNA intensity. Middle panels: Western 
blot analyses of total protein extracts for AGOl and pl9 protein ac- 
cumulation. Ponceau staining of the membrane served as loading 
control. Numbers show the relative AGOl protein levels normalized 
to Ponceau staining. Bottom panels: Small RNA northern blot analyses 
using miR168- and miR159-specific LNA probes and virus-specific 
RNA probe. Relative gel loadings are also indicated by ethidium 
bromide staining of ribosomal RNA. Numbers show the relative 
miR168 levels normalized to rRNA intensity. 



found that all virus infections were associated with 
enhanced accumulation of AG02 (Supplementary 
Figure SI), indicating that this protein can take over the 
function of AGOl. 

Altogether, these data indicate that partial or full inhib- 
ition of the siRNA-binding ability of pl9 VSR does not 
influence its capacity to enhance the level of miR168 
implying that these two properties of pl9 VSR is 
independent. 

P19-3M-mediated control of AGOl influences the 
development of virus induced symptoms 

The biological relevance of pl9-mediated miR168 driven 
AGOl control in the virus infection process was investigated 
by coinparison of CIRV-3M and CIRV19Stop virus infec- 
tions. CIRV-3M is expressing the completely siRNA- 
binding deficient pl9-3M, which retained its abihty to 
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induce miR168 level and control AGOl accumulation while 
CIRV19Stop lost both pl9-related functions. Tombusvims 
infection leads to extremely high-level accumulation of viral 
RNAs (Figure 4A) and the subsequent necrosis of the sys- 
temically infected leaves of N. henthamiana by 8-10 dpi., 
which eventually culminates in the death of the plant 
(17,24). In contrast, the loss of pl9 VSR mutant virus 
(CIRV19Stop) inoculated plants exhibit RNA silencing 
associated recovery phenotype and have markedly reduced 
virus titer (21,25,26). Infections with a Tombusvirus carrying 
a single pl9 mutation were shown to be associated with de- 
velopment of the recovery phenotype (17,21). Nicotiana 
henthamiana test plants were infected with wild-type 
CIRV, CIRV19Stop and CIRV-3M, and the developing 
symptoms were monitored. We expected a more efficient 
replication of CIRV-3M relative to CIRV19Stop infection 
because of the miR168 driven inhibitory effect of pl9-3M on 
the over accumulation of AGOl containing antiviral 
RISCes. In agreement with this hypothesis, investigation of 
RNA samples extracted from the infected plants at 10 dpi. 
revealed that CIRV-3M replicated more efficiently than 
CIRV19Stop where the over-accumulation of antiviral 
RISCes was not blocked (Figure 4A). We found that 
CIRVI9Stop and also CIRV-3M infections result in devel- 
opment of the recovery phenotype while the wild-type virus 
infection is associated with apical necrosis and the death of 
the plant. However, over a longer time course (16 dpi.) 
observations revealed that recovery of CIRV-3M infected 
plants is considerably suppressed, the size of the recovered 
plants were about the two-third of the size of the recovered 
plants fonn CIRV19Stop infection (Figure 4B). These data 
suggest that although pl9-3M has lost its ability to block the 
accumulation of free viral siRNAs, it is still able to influence 



the development of viral disease symptoms by modulating 
the AGOl level. 

P19 VSR-mediated iniR168 induction is not affected by 
the presence of defective interfering RNAs 

Tombusvirus-associated defective interfering (DI) RNAs 
are deletion mutants of the viral genome harnessing the 
replication system of the parental virus (27). The presence 
of DI RNAs in the infection process results in suppressed 
accumulation of the parental genome and in the appear- 
ance of recovery like symptoms similar to that of charac- 
teristic for pl9 (e.g. CIRV19Stop) deficient tombusvirus 
infections. It was demonstrated that the presence of DI 
RNAs in viral infections enhances the level of virus- 
specific siRNAs resulting in the saturation of binding 
capacity of pi 9 VSR and the accumulation of unbound 
siRNAs inducing the RNA silencing associated recovery 
phenotype (28). We tested whether this specific DI RNA- 
mediated inhibition of pl9 VSR affects its abihty to induce 
miR168 and control the accumulation of AGOl. 
Nicotiana henthamiana pants were infected with CIRV, 
CIRV with DI RNA, CIRV19Stop and CIRV-3M at 
21°C and sampled when systemic symptoms appeared. 
RNA and protein was extracted from the apical systemic- 
ally infected leaves and the levels oi AGOl mRNA, AGOl 
protein and miR168 were determined. We found that all 
infections induced AGOl mRNA level at 6 dpi.; however, 
only CIRV19Stop-infected plants showed enhanced 
AGOl protein accumulation (Figure 5A). The DI RNA 
containing CIRV infection was also associated with 
induced level of miR168 and controlled AGOl accumula- 
tion similarly to CIRV-3M infection. The analyses of 
viral RNA accumulation at 10 dpi. revealed that DI 



10 dpi. (21 °C) 



^ .-St 



CIRV 19Stop 



CIRV-3M 




B 



Viral 
RNAs 



rRNAs 

16 dpi. (21 °C) 



Mock 



CIRV 



CIRV 19Stop 



CIRV-3M 




Figure 4. Infection of N. henthamiana with CIRV-3M results in enhanced virus accumulation and aggravates symptoms. (A) Northern blot detection 
of virus accumulation in systemically infected leaves of CIRV19Stop and CIRV-3M inoculated TV. henthamiana plants at 10 dpi. CIRV infection was 
sampled at 7 dpi. because of the fast necrotic reaction. (B) Photos of the N. henthamiana plants, mock inoculated or infected with viruses: 
CIRV19Stop, CIRV-3M and CIRV at 21°C at 16 dpi. 
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RNA-containing CIRV infection displayed similar repli- 
cation efficiency of the viral genome as CIRV-3M infec- 
tion (Figure 5B), and the developing long-term symptoms 
were also similar to ClRV-3M-induced intermediate 
severity symptoms (Figure 5C). These data suggest that 
Dl RNA-mediated siRNA saturation driven block of 
pl9 VSR activity does not disturb the induction of 
miR168, further supporting the hypothesis that these 
two activities of pl9 VSR are independent. Moreover, 
the development of intermediate severity symptoms in 
the presence of DI RNAs is associated with the control 
of AGOl over accumulation indicating that miR168 
induction can be an important component of symptom 
development also in this case. 



DISCUSSION 

Infections of different plant viruses induce the activation 
of RNA silencing-based host defence system, a sequence- 
specific RNA degradation mechanism, mediated by 



siRNAs (1,29-31). siRNAs are produced from double- 
stranded virus-specific RNA species by DICER enzymes 
and loaded into the AGO protein containing RISCes. 
Loaded RISCes recognize viral RNAs that have 
sequence complementary to the loaded siRNA and block 
their activity by cleavage or by translational inhibition. 
AGOl is one of the most important AGO proteins 
playing central role in miRNA pathway, and its expres- 
sion itself is regulated by the activity of miR168 (6,9). 
The central role of AGOl in the composition of antiviral 
RISC is supported by observations demonstrating that 
AGOl recruits virus-specific siRNAs (32,33) and agol 
hypomorphic mutants are more susceptible to viral infec- 
tions (34,35). To counteract the efficient RNA silencing- 
based antiviral mechanism viruses express viral suppressor 
proteins of RNA silencing (VSR), which are able to 
disarm the virus infection-induced host defence (5). The 
increased expression of miR168 and AGOl mRNA 
was observed in different virus-infected plants 
(10,19,32,36,37). In line with the central role of AGOl 
in RNA silencing-based host defence, it was shown that 



B 























0 


2.4 


1.1 


1.1 


1 






*. 






1 


5.2 


3.4 


2.2 


1.7 












1 


0.9 


0.9 


0.6 


1.9 
















• 








1 


2.8 


2 


2.6 


0.8 

















10 dpi. (21 °C) 



Dl 
RNAs 




Viral 
RNAs 



16 dpi. (21 °C) 



Mock CIRV 



CIRV+DI 



CIRV-3M 



CIRV 19Stop 



IViral RNA 
rRNA 

AG01 mRNA 

AGOl protein 

pi 9 protein 
Ponceau stain 

miR168 

miR159 

Viral SiRNAs 
rRNA 

Figure 5. P19 VSR-mediated miR168 induction is not affected by the presence of DI RNAs. (A) Systemically infected leaves of CIRV, CIRV with 
DI RNAs, CIRV-3M, CIRVlQStop virus infected and mock inoculated N. henthamiana plants were homogenized and divided into RNA and protein 
extractions. The corresponding samples were used for detecting AGOl mRNA, AGOl protein and miR168 expressions. Top panels: Northern blot 
analyses of virus infected and mock inoculated plants for AGOl mRNA. Ethidium bromide-stained agarose gel was used as loading control. 
Numbers show the relative viral RNA and AGOl mRNA levels norinalized to rRNA intensity. Middle panels: Western blot analyses of total 
protein extracts for AGOl and pl9 protein accumulation. Ponceau staining of the membrane served as loading control. Numbers show the relative 
AGOl protein levels normalized to Ponceau staining. Bottom panels: Small RNA northern blot analyses using miR168- and miR159-specific LNA 
probes and virus-specific RNA probe. Relative gel loadings are also indicated by ethidium bromide staining of ribosomal RNA. Numbers show the 
relative miR168 levels normalized to rRNA intensity. (B) Northern blot detection of virus accumulation in systemically infected leaves of CIRV with 
DI RNAs, CIRV-3M, CIRV19Stop inoculated N. henlhamicma plants at 10dpi. CIRV infection was sampled at 7dpi. because of the fast necrotic 
reaction. (C) Photos of the N. henthamiana plants, mock inoculated or infected with CIRV, CIRV with DI RNAs, CIRV-3M, CIRV19Stop at 21°C 
at 16 dpi. 
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the induction of AGOI mRNA expression is a potential 
host defence mechanism enhancing the concentration of 
the antiviral RISCes, whereas the virus infection-mediated 
induction of miR168 and the subsequent control of AGOI 
protein accumulation is a viral counter defence strategy 
(10). Moreover, it was also demonstrated that different 
unrelated VSRs, in addition to their main silencing sup- 
pression function — predominantly siRNA sequestering or 
interacting with key RNA silencing components — are able 
to induce the accumulation of miR168 and control the 
level of AGOI to alleviate the effect of antiviral RISC 
on the virus replication (13). These observations suggested 
a wide-spread viral defence strategy based on AGOI level 
control, which raised the questions whether this activity of 
VSRs are the consequence of their already described main 
silencing suppression mechanisms or it is an independently 
evolved parallel activity and is there any biological rele- 
vance of this phenomenon in the virus infection process. 
We used the well-described Tombusvirus system to inves- 
tigate these questions, as pl9 VSR is one of the most 
intensively investigated plant virus VSRs acting via 
siRNA sequestering (38). To dissect the two functions, 
siRNA sequestration and miR168 induction, a siRNA- 
binding deficient pl9 VSR mutant, pl9-3M, was con- 
structed, which completely lost its siRNA-binding 
ability. To understand how pl9-3M interferes with the 
virus infection process and symptom development, a 
recombinant virus has been produced expressing pl9-3M 
(CIRV-3M), and the infected plants were analyzed for 
miR168 and AGOI accumulation. We found that 
miR168 level was induced in these symptomatic plants. 



and the AGOI protein level was kept constant in 
contrast to the loss-of-pl9 mutant (CIRV19Stop) where 
the complete recovery phenotype was associated with the 
lack of miR168 induction and immense accumulation of 
AGOI protein. A previously described pl9 VSR mutant 
[(17); pl9-lM], which only partially lost its siRNA- 
binding capacity showed similar miR168 driven AGOI 
control activity as pl9-3M or wild-type pl9 VSR 
indicating that there is no connection between the 
siRNA-binding efficiency and miR168-inducing capacity 
of pl9 VSR. Our data are in good agreement with 
previous studies reveahng that siRNA binding of pl9 
can also be uncoupled from other pl9 functions such as 
symptom development and host dependent effects on host 
RNAs and proteins (39). Increase in AGOI level would 
result in an excess of antiviral RISC, so in plants where the 
AGOI over-accumulation is inhibited, we would expect 
higher virus titer despite the presence of high level of 
unbound virus-specific siRNAs. We observed higher 
levels of viral RNAs in CIRV-3M than in CIRV19Stop- 
infected plants, which was associated with more severe 
intermediate symptoms and suppressed recovery pheno- 
type. We also found that disabhng the activity of pl9 
VSR by overloading its binding capacity by DI RNA- 
mediated over-production of viral siRNAs does not inter- 
fere with the induction of miR168 and the suppression of 
host-mediated induction of AGOI level. The moderate 
host response to virus-mediated miR168 driven control 
of AGOI can be explained by the recent observation 
that in N. bentliamiana AG02 has acquired the main 
antiviral function (23). As different VSRs ubiquitously 
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Figure 6. Schematic representation of the proposed model. During CIRV infection, high amount of virus-specific siRNAs are generated and also the 
AGOI mRNA level is induced by the host defence system. In wild-type infection, the pl9 VSR is able to bind and thus sequester the generated 
siRNAs and also enhances the miR168 level resulting in translational control of the antiviral AGOI. In parallel, the antiviral AG02 level is induced. 
However, in the lack of free viral siRNAs, AGO proteins remain unloaded. As a result of the efficient suppression strategy, the virus accumulates to 
high level and induces severe symptoms. If there is no functional pl9 VSR in the infection, both of the suppressor activities are absent resulting in 
over-production of antiviral AGOI and AG02 loaded with high amount of virus-specific siRNAs. In this case, the AGOI- and AG02-mediated host 
defence successfully limits the virus accumulation and the recovery phenotype develops. In the case of CIRV-3M infection, the binding capacity of 
pl9-3M is disabled resulting in the presence of high amount of unbound siRNAs. However, it is still able to induce the miR168 level and thus limit 
the accumulation of active siRNA loaded AGOI containing RISCes. In this case, only AG02 acts efficiently resulting in higher virus accumulation 
and more severe symptoms compared to Cyml9Stop infection. The similar mechanism takes place when DI RNAs are present in the infected plants. 
Over-production of viral siRNAs generated from the efficiently replicating DI RNAs overload the binding capacity of pl9 VSR. However, despite 
this inhibition, pl9 VSR is able to induce miR168 level and control AGOI accumulation. 



Nucleic Acids Research, 2014, Vol. 42, No. 1 607 



mediate the induction of miR168, it is possible that this 
activity served as evolutionary driving force to involve 
other AGO proteins, such as AG02, in the composition 
of antiviral RISC in some plant-virus interactions. 
However, it was shown that miR168 was unaffected in 
tomato plants infected with turnip crinkle virus, 
cucumber mosaic virus and tobacco rattle virus (40). In 
addition, transgenic expression of Tombusvirus pl9 VSR 
in potato had no effect on miR168 level, and no AGOl 
control was observed (41). These data indicate that virus- 
mediated miR168 induction requires host-dependent 
specific factors. 

Altogether, our observation suggests that the capability 
of miR168 induction was acquired by pl9 VSR independ- 
ently, from its siRNA-sequestering ability and represents a 
parallel function, which can attack the RNA-silencing 
pathway at a different point (Figure 6). Moreover, we 
demonstrate that pl9 VSR-mediated miR168 driven 
control has the capacity to influence the accumulation of 
the virus in the infected plants and enhance the severity of 
symptoms indicating that both pl9 VSR-mediated inde- 
pendent suppressor activities, siRNA binding and AGOl 
control, are necessary to efficiently cope with the host 
defence system. As many unrelated VSRs are able to 
modify the miR168 level, it is possible that this phenom- 
enon is an important symptom determinant in other plant- 
virus interactions as well. 
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